Abstract: A compact plasmonic nanofilter based on the metal-insulator-metal (MIM) waveguide with an Archimedes' spiral structure is proposed and demonstrated by the finitedifference time-domain (FDTD) method. The simulation results indicate that the transmission valley and peak can be tuned by the rotation angle θ of the right-handed Archimedes spiral structure and the number of channels can be adjusted by number of right-handed Archimedes spiral rings. The characteristics of the transmission spectra could be explained by the resonant condition, which is in good agreement with the FDTD numerical simulation. The unique feature may have many potential applications in filter, sensor, and photonic integrated circuits.
Introduction
Surface plasmon polaritons (SPPs) propagating at the metal/dielectric interface has deep mode confinement, which has been considered the promising solution to reduce the transverse dimension of the optical devices. The metal-insulator-metal (MIM) waveguide is demonstrated to be the best way to guide light with nanoscale mode confinement and relatively low loss. Recently, due to its unique characteristics, it has attracted considerable attention to nanoscale plasmonic slot waveguides and narrow-band plasmonic waveguide filters [1] - [3] .
The nanoscale filters have been achieved in MIM waveguide consisting of different structures such as the plasmonic stubs [4] - [7] , rectangle ring resonators [8] - [10] , nano-capillary resonators [11] , [12] , slot cavities [13] - [15] , nanodisk [16] , [17] , and so on. In addition to the advantage of miniaturization for these modulators, their unique performances are widely studied to satisfy various applications. Recently, many research groups have reported nanoscale filters with angle-insensitive [18] - [20] , multichannel [19] , [21] , [22] , the errors of the manufacturing process [7] , and so on. In spite of the subwavelength transverse size and strong local field enhancement, the integration is extremely challenging because of the relatively difficult manufacturing process. In this paper, the nanofilter based on the plasmonic waveguide with Archimedes spiral nanostructure is proposed, which is composed of an MIM waveguide and an Archimedes spiral groove. Compared to the filter that has been reported, this structure can be easily miniaturized for integrated photonic circuits due to the compact spiral structure. The finite-difference time-domain (FDTD) method is used to study the characteristics of proposed model. The results show that the transmission spectra can be modulated with angular of the Archimedes spiral groove and number of the Archimedes spiral rings. Furthermore, it performs well in the performances of multichannel and high quality. The characteristics of the transmission spectra could also be explained by the resonant condition, which is good agreement with the FDTD numerical simulation. Our structures may have great potential applications for integrated plasmonic circuits. Fig. 1 shows the 2-D schematic drawing of the proposed structure, which is composed of an MIM waveguide and an Archimedes spiral groove. The spiral air groove (dielectric constant is 1) is surrounded by the silver (Ag) region, and the MIM waveguide is the bus waveguide. In this model, the surface plasmon polaritons propagate along the x direction. As is well known, only the TM mode can be excited on the surface between metal and insulator. To ensure the SPPs mode with the strong confinement mode is excited in the bus waveguide, the width of MIM waveguide is set to be w = 50 nm. In the cylindrical coordinates, right-handed Archimedes spiral (RAS) slot structure can be described as
Modeling and Simulation Method
where a is the start radius of the spiral structure, and b is the screw pitch. In the tooth-shaped MIM plasmonic waveguide filters, the optimization width is 50 nm [4] . Further, considering the fabrication process, the width of the RHS slot is also set to be w a = 50 nm that is the same as the width of the bus waveguide, unless otherwise stated. In order to analyze the transmission characteristics of the above structure, the wavelength λ m of the notch of the transmission is given by the resonant condition as
where L eff (θ) is the equivalent arc length of the RAS slot, and ϕ is the phase shift caused by the reflection on the interface of the silver and air. n eff is the real part of the effective index, which can be obtained by the dispersion relation of the SPPs in MIM waveguide as [23] where k
, β is the propagation constant, and ε m and ε d are the dielectric constants of silver and air, respectively. The effective refractive index of the waveguide is defined as n eff = Re(β/k 0 ), where k 0 is the free-space wave vector. The arc length of the RAS slot can be described as
and the effective arc length (i.e., the length of central line) is L eff (θ) = L (θ)|a eff = a + w a /2. To further study the transmission characteristics, the finite-difference time domain (FDTD) method is used with the perfectly matched layers (PML) as the absorbing boundary condition. In the theoretical analysis and the FDTD simulations, the dielectric constant of the silver reported in [24] is used, and the complex relative permittivity of silver is characterized by the Drude model
where ε ∞ is the dielectric constant at the infinite frequency with the value of 3.7 [25] , ω p = 1.38 × 10 16 Hz is the bulk plasma frequency, γ = 2.73 × 10 13 Hz is the damping frequency of the oscillations, and ω is the angular frequency of the incident electromagnetic radiation.
Simulation Results and Discussion
In the following FDTD simulations, two power monitors are set at the symmetric points with respect to the center of RAS separated distance 1 μm to detect the incident power P in and the transmitted power P out , and the type of the monitors are 2-D monitors in y-z plane. The transmittance is defined to be T = P out /P in . The mode source is chosen as the incident light, and the grid size is set to be 1 nm × 1 nm. Fig. 2 show the transmission spectra of the RAS structure with different angle, where the start radius of the spiral structure is set to be a = 100 nm, and the screw pitch is b = 100 nm. It is obvious that the transmission spectra of the proposed structure are closely related to the rotation angle of the RAS. A trough occurs at free-space wavelength of 662 nm with the transmittance nearly 0% when the angle θ = 0.5π, and a red shift of the transmission peaks and valleys arises with the increase of angle, which means that we could design different bandgaps with the changing angle for various applications.
Based on the FDTD simulation results, the central wavelength of the valley with the RAS rotation angle is plotted in Fig. 3 , where the theoretical results are also presented calculated from (2) with the constant phase shift ϕ = 0. It is shown that the central wavelength of the bandgap is approximately linear with respect to the rotation angle of the RAS, and the valley wavelength shifts toward long wavelength with the increasing of the rotation angle. In Fig. 3 , the effective arc length as a function of the rotation angle of the RAS structure is plotted based on (4), and a nearly linear relation between them is shown. On the other hand, the real part of the effective index n eff of SPPs increases slightly with an increase of wavelength in an MIM waveguide [30] . Therefore, with the increase of the angle, the length increases linearly, and thus, the valley center wavelength is increased according to the minimum transmission condition of (2). As shown in Fig. 3 , the theoretical results are good agreement with the FDTD simulation though it exhibits a little bit difference at short wavelength because we use the wavelength independent phase shift in (2) .
In addition, the effect of the width of the RAS slot on the transmission spectra is also investigated. In the FDTD simulation, the width of RAS slot was scanned from 10 nm to 90 nm for several different rotation angles. The transmission spectra (a)-(d) are plotted as a 2-D contour map at different rotation angles θ = 0.5π, 0.6π, 0.7π, 0.8π as shown in Fig. 4 . Obviously, the valley of the transmission spectra moves quickly to the short wavelength (blue-shift) with increasing of the width of the RAS slot for w a < 35 nm, and the shift becomes very slow after w a > 35 nm and tends to slight red-shift after w a = 50 nm. However, the bandwidth of the transmission valley always increases with an increase of the width of the RAS slot. Considering the trade-off between the propagation distance and the loss of SPPs, the above performance of this nanofilter, the width of RAS slot is set the same as the bus waveguide width of 50 nm in the following simulation.
In order to study the resonant modes of the transmission minimum and maximum, the distributions of normalized H z field corresponding to the trough and transmission peak are calculated. During the simulations, the parameters are set as in Fig. 2 with the rotation angle θ = 0.8π. Fig. 5(a) shows the magnetic field intensity distributions at the wavelengths λ = 921.5 nm corresponding to the bandgap, which shows that there is nearly no power through the bus waveguide structure. Fig. 5(b) shows the magnetic field intensity distributions at the wavelengths λ = 691.6 nm corresponding to the transmission peak. Obviously, the transmittance for the light at the 691.6 nm is much larger than that for the light at 921.5 nm. These results further verify the possibility of a filter with RAS waveguide structure. The maximum rotation angle of the regular filter structure as shown in Fig. 1 is π, which limits the working wavelengths and performance of the filter. Here, we design an improved RHS filter structure, where the start point is moved far from the bus waveguide, and the end is coupled to the bus waveguide. It avoids the crosstalk of input signal in the overlapping region. This structure allows one and two spiral rings as shown in Figs. 6(a) and 7(a) , respectively. We further investigate the filter characteristics of the one regular RAS ring, and the transmission spectra is shown in Fig. 6(b) where the start radius of the full spiral structure a = 100 nm with several distinct screw pitchs and the surface plasmon polaritons propagate along the y direction. Fig. 6(b) shows the number of the filter channels of this structure are more than that of the previous model, and there are three bandgaps when the screw pitch b = 100 nm. It is obvious that there are some wavelengths that may satisfy the minimum transmission condition of (2) because of the large arc length in that case, resulting in a multichannel filter. The position of transmission minimum shifts to long wavelength with an increase of screw pitch b. Owing to the increasing screw pitch, the arc length of the RAS increases continuously, and thus, the wavelength λ m of the notch of the transmission should get bigger according to the resonant condition.
To obtain more channels, we employ two regular spiral rings coupled to the MIM waveguide as shown in Fig. 7(a) , other parameters in this system are the same as the structure shown in Fig. 6(a) . Fig. 7(b) shows the transmission spectrum of the model. We can see that there are many channels, and it can be used in comb-like filter. In all channels, the ratios of the transmission peak to troughs are almost more than 6 dB. Although several devices of this kind could supply multichannel, our proposal model has a simple preparing process and a smaller lateral dimensions than the others. It may have potential applications in multichannel filter.
In addition, the contour profiles of H z at the maximum and minimum transmission for two regular spiral rings coupled to the MIM waveguide are shown in Fig. 8 . The magnetic fields H z at the wavelength of 1110.1 nm and 1204.0 nm corresponding to the transmission peak in Fig. 8(a) and transmission notch in Fig. 8(b) . Finally, the quality factor of this waveguide for each channel is studied, and the range of corresponding Q factors of the structure are 8.26 to 20.03, which may satisfy the demand of the waveguide filter. 
Conclusion
In conclusion, a compact nanofilter based on MIM waveguide with RAS structure is proposed according to the resonant condition and studied numerically by the FDTD method. The results reveal that the transmission valleys and peaks can be tuned by the rotation angle θ of the RAS structure. In the meantime, the regular spiral rings coupled to the MIM waveguides are also investigated. The results show that they can achieve multichannel filtering, and the number of channels can be adjusted by the number of the RAS ring. This model may provide many potential applications for designing frequency selection devices and multichannel filters in nanophotonic integrated circuits.
